The available experimental material relating to the patterns of formation and properties of functional nanostructured transition metal oxide (Mo, Co, Mn, Ni, Fe, V) composite materials is reviewed. Advanced coatings are considered those whose formation method are simple and do not require high energy costs, expensive equipment and permit the creation of materials with desired physical and chemical properties in a specified manner. In this review, the priority of oxide composite nanostructured materials technology is given to a transient electrolysis method based on the analysis of a data set that demonstrates its advantages. The results are presented for a number of studies aimed at identifying and analyzing the nature and regularities of processes that take place when obtaining oxide composite nanostructured materials using transient electrolysis methods.
Introduction
The research related to the enhancement of existing technologies for producing coatings and their simplification is aimed primarily at finding the most cost-efficient procedures.
Transient electrolysis, which uses periodically alternating (symmetric, asymmetric and pulsed) currents, should be referred to in such discussions. There are several data that point out the advantages for the deposition of coatings using an asymmetrical alternating current [1] [2] [3] . The successful use of current without previous rectification is undoubtedly worthwhile. The appropriate alternating current enables the deposition of coatings at lower temperatures, making the process more energy-efficient because of the possibility of using lower voltages. This increases the rate of electrolysis and, respectively, the process productivity, allowing one to change the physical and chemical properties of coatings by varying a wide range of electrolysis parameters (current density, composition and concentration of electrolyte components), and to obtain more dense and fine coatings as well as to increase the upper limit of working current density and to reduce internal stress in a coating, i.e. allows coating property regulation by a purely electrical method. Coatings that are obtained using an alternating polarity current differ from those obtained by a direct current method in microstructure, porosity, surface purity and mechanical properties.
Transient regimes, however, are considered worse as compared to conventional ones and consequently, are used much more rarely. This is explained by the fact that transient processes are considerably more complicated than stationary ones, because both cathodic and anodic electrode reactions proceed under the periodic changes of an electrical flow and then transient processes occur.
To date, in the area of transient electrolysis, much research has been done [4] [5] [6] [7] [8] [9] [10] [11] [12] , many factors which affect these processes have been discovered. All this gives one reason to consider it worthwhile to use an asymmetrical current in electrochemical productions.
Accumulated experimental data [13] [14] [15] [16] [17] show that in many cases transient electrolysis allows one to achieve effects that either cannot be achieved using a direct current or can be achieved in a much more complicated fashion. The ability to affect an electrochemical process more efficiently and flexibly due to the change of a mode and frequency variation of amplitudes for both anodic and cathodic current pulses is an undeniable advantage for transient electrolysis.
Electrochemical synthesis using a line-frequency alternating current allows one to obtain a number of metal oxides [18] [19] [20] [21] . When using an alternating current, Dolinina et al. [22] obtained a copper-cadmium oxide system in a solution of a sodium hydroxide, and determined that in the presence of copper, the rate of cadmium oxidation rose 2-to 3-fold. Thus, predicting the operating parameters of copper electrolysis, one can obtain cadmium oxide systems of a prescribed composition. The asymmetric alternating current was successfully applied to obtain films of barium titanate (BaTiO 3 ) from an aqueous suspension in the presence of 0.5 mass% polyvinyl alcohol using an electrophoresis method [23] .
Under the influence of an alternating current, Jagminas et al. [24] precipitated bismuth oxide in the pores of aluminium, the size of its particles being 5 -100 nm. The high-frequency alternating current allowed the impregnation of a nanostructured cadmium selenide (CdSe) in anodic aluminum oxide pores [25] . The development of such nanocomposite materials, including metamaterials [26] is very promising for applications in electronic, optical and magnetic devices [26, 27] . Nano-scale particles of a cerium oxide (CeO 2 ) were obtained [28] from 0.1 M Ce(NO 3 ) 2 aqueous solution under polarization using an alternating current on the surface of a platinum electrode, the size of a particle being regulated by electrolysis conditions (pH and component electrolyte composition, temperature, current density), which set this method apart from other precipitation [29, 30] , pyrolysis [31] , hydrothermal [32] [33] [34] [35] [36] and sonochemical [37] [38] [39] synthetic methods. Nanostructured coatings based on titanium oxide were obtained as a result of electrophoretic deposition under the influence of an asymmetrical alternating current [16] . This method also has a number of advantages compared to other widely-used nanocrystal titanium dioxide methods [40] [41] [42] [43] [44] [45] . It should be noted that the use of an asymmetric alternating current for these purposes allowed suppression of gas bubble formation due to the absence of electrolysis of water on electrodes, and obviated the need for using organic stabilizers in the electrolyte-suspension. The electrophoretic coatings using an asymmetric alternating current thus was shown to be favorable both environmentally and economically.
Because the use of an alternating current suggests a whole number of electrode reactions and the change of electrode capacity occurs under conditions which are far from an equilibrium state, the formation of metal oxide products having different degrees of oxidation with defective structure are predetermined. The cyclicity of the polarizing voltage leads to two consecutive processes on the surface of an electrode: the first one is the formation of oxide phases in an anodic current half-cycle, and the second one is the discharge of protons, hydrogen being emitted in a cathodic current half-cycle. Thus, the alternating current allows one to influence the most important property of oxide films, i.e. their porosity.
To obtain composite materials on the basis of metal oxides deposited from aqueous solutions of their salts under polarization using an asymmetric alternating current is equally promising, but still somewhat unexplored. The formation of such composite materials relates to the area of nanotechnologies and nanomaterials because the substance of a matrix of a composite material is finely dispersed. Such systems, compared with similar monolithic objects, have specific and in some cases unique physical and chemical properties.
In recent years there has been increased interest in composite materials based on polymer matrix with nanosized metal oxide particles [46] [47] [48] [49] [50] [51] [52] [53] . This is due to their wide application ranging from membranes, catalysts to constructive materials and materials that are used in information technology. So, methods of synthesis of nanoparticles and nanostructures play an important role while determining their quality characteristics. Among the methods for nanoparticle and nanostructure synthesis, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] electrochemical methods have not been thoroughly explored. At the same time, the use of electrochemical methods to obtain nanoparticles and nanostructured materials is very attractive, as they do not require complex equipment, they are easy and economical compared to other methods, and in some cases they allow one to obtain oxide films of specified morphology and composition by controlling the composition of electrolyte and electrolysis modes.
The transient electrolysis allows the formation of coatings which differ in their properties from similar ones that are formed using a direct current due to the cycling of surface layers, irreversibility of electrode reactions of oxidation and reduction.
This method gives tremendous opportunities to control electrode processes by current modes and allows the deposition of nanostructured coatings on substrates of various chemical natures and geometries.
A significant contribution to the development of transient electrolysis as a research area of technical electrochemistry was made at the Novocherkassk electrochemical school [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] .
In works [72, 73] , the behaviors of a number of metals (platinum, nickel, iron, silver, gold, lead, cobalt and others) were studied in alkaline and neutral solutions during transient electrolysis, and the mechanism of their destruction was determined. Additionally, a whole series of works on an accelerated charge, the formation of alkaline accumulators and the definition of their degree of charge was carried out. [72, 73] .
The development of directed synthetic methods for new composite materials on the basis of transition metal oxides is one of the promising directions in modern science. The wide interest in composite materials on the basis of Mo, Co, Ni, Fe, V oxides is determined by the complexity of areas of their use: as catalystically active materials, sensor, solion, photo and electrocatalytic devices, solid-phase converters of light energy and anti-corrosion materials.
Composite oxide materials
Metal oxidation is one of most widely used methods of metal corrosion protection. In this case the oxide film is formed, mainly, due to oxidation of a substrate material during its anodic polarization. However, the electrochemical synthesis of complex oxide materials by anodic deposition from mixed aqueous solutions of salts of co-precipitated metals is of great interest [82, 83] . The positive aspect of electrolytic synthesis is the opportunity to obtain homogeneous structured systems which components (unlike conventional mechanical mixtures) can interact at a molecular level and have higher electrochemical characteristics. Legagneur et al. [84] showed that complex vanadium-manganese oxides, which are obtained by electrolytic deposition from aqueous solutions, have higher electrochemical activity in comparison to the individual components.
Electrolytic composite oxide materials
The interest in composite oxide coatings is largely a result of the potential to obtain composite materials on their basis and the opportunity to develop thin film ballastless cathodes of lithium cells by direct deposition of oxide material as a compact coating on a conductive substrate [85] [86] [87] . Nagirnyj et al. [88] found that during electrolysis, vanadium and manganese oxides codeposit as the V 2 O 5 -MnO 2 double oxide system from mixed aqueous solutions containing the ions VO 2+ and Mn 2+ . The kinetics of these processes are largely determined by concurrent oxidation and reduction reactions between ions involved in an electrode process and products of anodic oxidation formed during different stages. Comparison of the standard electrode potentials for reactions occurring on electrodes show that their values are close [89] .
Therefore, the above oxidation and reduction reactions can occur at intermediate and final stages of an anodic process when shifting equilibrium to one or another direction due to changes of the ratio of concentrations of original components.
In [90] , complex binary systems were obtained as a result of electrolytic codeposition of oxides of manganese, cobalt, nickel, and chromium from mixed aqueous solutions of salts of codeposited metals under different electrolytic conditions. Electrodeposition was carried out on anodes made of Type 12189 (12H12N9T) stainless steel at j a = 7.5 -25.0 mA·cm −2 and 85 • C. The presence of a basal oxide which can be deposited by itself on an anode having quite a high yield, for example, oxides of manganese and cobalt, is a necessary condition for electrolytic synthesis of such materials. Nagirnyj et al. [91] reported that during electrolytic deposition of cobalt(III) oxide in the presence of nickel(II) and chromium(III) ions from aqueous sulfate solutions the Co -Ni and Co -Cr. complex binary oxide systems are deposited on the anode. The most favorable conditions for quantitative deposition of oxides on an anode are achieved at 80 -85 • C, pH 2.5 -3.0 and an anodic current density j a = 10 mA·cm −2 . The anodic deposition of a vanadium oxide from vanadium(IV) oxide sulfate solutions in the presence of nickel ions results in the formation of complex vanadium-nickel oxide systems, which are characterized by increased electrochemical activity [92] . To obtain anodic deposits as V-Ni binary systems with the content of alloying phase 0.10 -20 (mass.)%, the electrolysis is carried out using vanadium(IV) oxide sulfate and nickel sulfate solutions with total concentration of 40 -45 g·l −1 , at 80 -85 • C, pH 2.0 -2.2 and j a = 7.5 -10 mA·cm −2 . Transition metal oxides enable one to obtain electrical materials, ranging from high resistance dielectrics to high temperature superconductors.
The possibility of obtaining molybdenum oxide both as fine deposits and as compact coatings on a surface of stainless steel and aluminum should be referred to the benefits of a method of its electrosynthesis [90, [93] [94] [95] [96] [97] [98] . The scientific and technological foundations for quantitatively obtaining vanadium, cobalt oxides and two-phase systems based on manganese dioxide as dispersed deposits by electrolytic anodic deposition from aqueous solutions of the corresponding salts are reviewed in work [98] .
Nickel and cobalt oxides obtained by electrolytic deposition on the surface of steel from aqueous solutions [99] can be used as electrode materials [100, 101] , in heterogeneous catalysis [102, 103] and as an active element of gas sensors [104, 105] .
Composite coatings based cobalt and nickel oxides are used in electrochromic devices [106] . High efficiency and super frequency dielectrics based on complexes of cobalt and nickel oxides have also been developed [107] .
The kinetics for anodic processes during electrodeposition of V 2 O 5 from aqueous solutions of vanadium(IV) oxide sulfate (VOSO 4 ) in the presence of Na + ions is considered in [108] .
During the process of electrodeposition, tungsten and molybdenum oxides are able to incorporate a metal matrix (for example, nickel) with the formation of composite films which are characterized by significant wear resistance, especially in the process of mixed oxide formation [109] . Mixed oxide systems based on vanadium and molybdenum are used either as massive or supported catalysts for the partial oxidation and oxidative dehydrogenation of organic compounds [110] . These catalysts are usually obtained by igniting a mixture of oxides in air at 650
• C and higher, by their alloying [111] or by vaporization of aqueous solutions of ammonium salts of vanadium and molybdenum with their subsequent thermolysis [112] . Such methods for obtaining catalysts are very time-consuming. At the same time, the use of an electrochemical method to obtain such oxide systems is very attractive because it does not require complex equipment; it is simple, economical unlike other methods, and in some cases it allows one to obtain oxide coatings with specified composition by controlling the electrolyte composition and electrolysis mode.
Recently, the areas of chemistry dealing with electrochemical synthesis and research of thin layer metal polymers and their composite coatings have been widely developed [113] . Metal complex polymer-immobilized systems have widely-ranging practical applications [114] . The possibility of obtaining non-porous double-layer magnetic matrices based on cobalt ferrite to immobilize biologically active substances in a silicon matrix was examined in [115] .
Pimkov et al. [116] developed methods for the chemical activation of polypropylene materials and subsequent immobilization of a cobalt phthalocyanine complex in them.
The Japanese researchers [117] offered the composition of electrolyte to obtain a polymeric composite coating with high corrosion resistance and adhesion based on zinc, cobalt, nickel and iron oxides As a result of the hemisorption process, polymer-immobilized composite coatings of Fe 3 O 4 [118] that can be used in biotechnology were obtained, using polyamine-, polylactam-and polyacrylamide-based polymers.
A polymer-immobilized nickel oxide-based composite coating on a titanium surface haviing high anti-microbial properties was obtained by an electrochemical method using direct current [119] .
Analysis of the present state of the art showed that the above electrolytic oxide materials were obtained by deposition of their salts from aqueous solutions on an anode (mostly) or on a cathode using direct current polarization. Currently, the immobilization of metal oxides and metal-complexes into different polymer arrays is carried out, mainly, by pure chemical methods [120] .
Selective composite oxide coatings
The electrochemical methods which allow one to obtain anodic aluminum oxide (AOA) with specified functional properties are quite simple. Their properties can be changed by filling oxide pores with one or more organic or inorganic substances that are added to the electrolyte solution. To obtain selective coatings based on AOA using an asymmetric alternating current seems to be a promising line of research.
Special units, called "solar collectors", are used to convert solar electromagnetic radiation into thermal energy. The main element of a collector is an absorbing panel (an absorber or a heat receiver). This captures the energy in sunlight by converting it into heat and transmits it to a heat transfer agent. The panels are usually made of aluminium, copper or steel.
The ideal surface of a heat receiver should be able to absorb in the visible part of the electromagnetic (EM) spectrum well and radiate little if any of the absorbed energy in the infrared region. Such an ideal surface is called a selective surface and a coating which allows one to obtain such a surface is called selective or optically selective.
Selective coatings must meet certain criteria. Their effectiveness is characterized by:
• integrated solar energy absorption coefficient, α sol , which should be high;
• relative integrated intrinsic radiation coefficient, ε, which should be low throughout the whole spectral range of solar radiation; • selectivity expressed by the ratio of absorptivity to radiation, α sol /ε. The higher this ratio is, the higher the quality of a selective coating is because the collector converts EM radiation of the Sun into heat more efficiently. Current state-of-the-art collectors have α sol values that approach 94.0 -96.0 % (0.94 -0.96), and ε values that do not exceed 12.0 -16.9 % (0.12 -0.16). To minimize energy losses, it is essential that the α sol coefficient value tends to unity in the visible and near infrared regions of the EM spectrum, and the reflection coefficient value for the surface should tend to unity in the wavelength region intrinsic to thermal radiation [121] .
A layer with a large reflection coefficient in the long-wavelength region of spectrum, for example, copper, nickel, molybdenum, silver, aluminium is usually applied on a surface which must be given selective properties. Another translucent layer with a high absorption coefficient in the visible and near infrared regions is also applied to this layer. Many oxides have such properties. Thus, in the UV and visible regions, the optical properties of selective coatings should be very close to properties of an absolute black-body, and in the infrared region of spectrum they should be very close to properties of an absolutely white one. The development of such coatings is quite a difficult task, so the technology of their production is commercially confidential. Multilayer selective coatings are known for solar collectors having two layers, one of which is made as an aluminum oxide film which has pores filled with metal particles, for example, nickel, and another possibility is a tin dioxide film which is placed first along the solar rays [122] . An additional layer, in the form of a hydrated Al 2 O 3 film, is located between these two layers. The α sol /ε ratio is about 4.0 -5.0 for coatings of this type because of the relatively high value of the coefficient ε and the low magnitude of A c (A c ≥ 0.9; ε ≥ 0.2).
The absorbing coating consisting of a solid amorphous carbonaceous film [123] was deposited on metal electrodes from the glow discharge in organic or organoelement compounds. The coating has high adhesion characteristics but a low integrated solar energy absorption coefficient (α sol = 0.85). This is because the coating has high refraction indices, n, in the visible part of the EM spectrum. But selective coatings have optimum optical properties only at an optimum thickness, which should not exceed the λ 0 /n value (λ 0 -a wavelength corresponding to maxima of solar radiation spectrum).
The method of obtaining a multilayered selective coating [124] on aluminum foil by depositing a titanium layer in vacuo and subsequent vacuum reactive evaporation of nonstoichiometric titanium metalloids is known. The latter is usually obtained by reactive evaporation of CO 2 or N 2 in the atmosphere under the partial pressure of each gas within (2.5 -8.0)·10 −2 Pa, then amorphous carbonaceous material is precipitated in glow discharge in vacuum in organic or organoelement compound vapor under partial gas pressure within the range of 10 -20 Pa. The selective coating obtained by this method has rather low radiation coefficient ε = 0.035 and α sol = 0.84 -0.87. The latter is very low therefore to increase the absorption coefficient α sol , Dyachshin et al. [124] increased the discharge current density to 0.2 -0.3 A·dm −2 and the discharge burning voltage to 400 -450 V of an alternating current with the frequency of 50 Hz. Only in this case did the α sol value increase from 0.87 to 0.94. As is obvious, this method of obtaining a selective coating is technologically complicated and very time-consuming.
A multilayered selective coating that consists of two layers was obtained by Dyachshin et al. [125] by consistent precipitation from a glow discharge under organic or organoelement compound vapors on the metal surface of an aluminum collector. The first layer was deposited from a glow discharge in benzol vapors under a pressure of 1·10 −2 mmhg, a discharge density 0.7 A·m −2 , a discharge burning voltage 4.0 kV at a frequency of 50 Hz. The second layer of the coating is located directly on the first one and is deposited from the glow discharge in benzol vapors under a pressure of 1·10 −2 mmhg, discharge density 2 -3 A·m −2 , discharge burning voltage 400 V of AC at a frequency of 50 Hz. This type of coatings has an integrated absorption coefficient α sol 0.92 -0.94 and radiation coefficient ε = 0.07 -0.08 at 100
• C. The efficiency of solar power conversion is 11.5 -13.5. A multilayered absorbing coating was obtained by Golovkov and Verbitsky [126] . The coating contained two dielectric layers, between which there was an operated layer made in the form of a thin sprayed graphite film and a lattice made of sprayed metal strips. The process for forming a selective coating using this method is very time-consuming and ineffective.
Multilayered absorbing coatings based on fine ferromagnetic, metal or graphite particles of inductive and capacitor elements dispersed over the entire surface can be obtained [127] .
The selective coating can be obtained by an electricity-free method using PbS, black copper and black chrome, TiN x O y , Ni -NiO x , Al 2 O 3 in the presence of fine dispersion of Ni, Co, Mo, W, Pt [128] .
When developing light absorbing coatings for space devices [129] , a CuO coating on the surface of copper with a high absorption coefficient and a low reflective power was obtained. These coatings were also used as an absorber in solar collectors. To increase a solar energy absorption coefficient, however, they were deposited on rough surfaces. As a result, the light flux stayed on a surface because of its multiple re-reflection in the light traps which were formed by the surface's texture. To roughen metal substrates, they were sandblasted with 0.2 -0.5 mm silicon carbide particles. Nevertheless, the coatings had a high radiatability.
To obtain selective copper-based coatings, the black coloring of copper in alkaline solution was used [130] . The CuO thin film obtained had properties of a filter: it absorbed the visible light and had a high reflective ability for long-wavelength infrared radiation. Such a film does not release heat which develops from solar radiation of a more short-wavelength part of spectrum in the thin layer of copper oxide.
Thus, depending on the method of surface preparation and oxidation time, it is possible to obtain selective coverings with different optical properties. Cheap light absorbing coatings in the form of BT -577 black bituminous enamel and No. 164 black enamel can be also used as selective coatings when there is glassifying with a "thermal mirror" made of a Zr 2 O 3 or SnO 2 thin film. These films are transparent in the visible range of solar radiation (λ from 400 to 800 nm) but reflect the infrared radiation rather well, which results in a more effective transformation of solar radiation to heat. However, these coatings have low Ac values and high ε values.
Moldovanov et al. [131] obtained a selective coating which consisted of aluminum particles precipitated in nitrogen-containing plasma. Atoms of nitrogen create strong covalent bonds with surrounding aluminum atoms which results in an aluminum lattice distortion and transformation of solar into thermal energy. When obtaining selective coatings which reflect or absorb optical radiation selectively, various pigments are also used [132] . They are added to the selective coatings composition in a dispersion form [133] . ZnO, TiO 2 , MgO, Al 2 O 3 and others are referred to pigments that reflect optical radiation in the short-wavelength region. Fe 3 O 4 , Sb 2 O 3 and carbon-based pigments absorb optical radiation over the entire optical range from visual to infrared, therefore, they are used as solar absorbers.
Metal-based thin films that absorb visible light and passing infrared radiation are the common type of a selective coating. Among these are coatings from black chrome and black nickel which are applied on nickel, zinc, tin or copper substrates using an electrochemical method. Black chrome coatings are the most promising ones, since they allow one to obtain the required optical properties and have a high thermal stability. However, when depositing black chrome, the density of an electric current is almost a hundred times higher than that for black nickel, therefore, the cost of black chrome selective coatings is high.
Coating selectivity can also be provided solely by geometrical factors: surface asperities should be greater than the wavelength of light in the spectrum of visible and near IR regions and less than a wavelength corresponding to its surface intrinsic radiation. Such a surface for the first of the above spectrum regions will be black, and for the second one it will be mirrored. Surfaces with a dendritic or porous structure with appropriate sizes for the dendritic needles and pores have selective properties.
Thus, the efficiency of a solar collector can be increased by using selective absorbing coatings on a heat absorber surface which absorb the visible part of the EM spectrum well and do not practically radiate in the infrared region of spectrum [134] .
As it appears from the reviewed methods of obtaining selective coatings, the mature methods at present are as follows: chemical vapor deposition, vacuum dusting, galvanic and chemical ones. The methods listed have a number of disadvantages: high process energy intensity (more than 200 kW·m −2 ); multilayer coatings and their deposition time; expensive and ecologically harmful components; insufficiently high transformation efficiency for solar energy. According to the current standards [134] for good selective coatings, the absorption ability has to be not less than 92 % (0.92), and the radiation ability -no more than 30 % (0.3). Selective coatings can be deposited on such materials of a heat exchanger (absorber) as aluminum, steel, nickel, titanium, silver, copper and others. Additionally, the thickness of coatings having absorbing properties should not exceed 1 µm. While developing selective coatings, their cost is also an important factor, since the use of one type of a selective coating or another can result in either decrease of costs for the collector's other elements or increase them and, thus, make their characteristics worse.
The use of an asymmetric alternating current to obtain selective coatings has received almost no attention in the literature. Meanwhile, the use of an asymmetric alternating current, which allows one to regulate the structure of an oxide film and the amount of impurities in it, is very promising for obtaining such coatings.
When developing a technique to obtain optically selective coatings on the surface of Type AD 31 and Type A5M aluminum alloy using a transient electrolysis method, Bespalova et al. [78] paid much attention to a surface preparation to receive a developed microstructure. Therefore a stage of zinc electrodeposition was added to the surface preparation methods. As a result of interaction of the components of a zinc electrolyte, the reaction of sodium tetrahydrozincate formation proceeds as follows:
Heating the zinc solution increases the rate of the reaction (1) and the content of sodium tetrahydrozincate in the solution. While immersing a sample of aluminum alloy into a sodium tetrahydrozincate solution, the process of zinc chemical reduction takes place on its surface. The structure and the specific surface of the aluminum sample change due to a contact exchange of aluminum atoms to zinc atoms in a crystal lattice. The zinc layer was removed from the surface of an aluminum alloy using orthophosphoric acid solution [78] . When it was removed, the surface had a very developed microstructure. The latter was confirmed by the images of the surface of Type AD 31 and Type A5M aluminum alloys that were received by means of high vacuum scanning electron microscopy ( Fig. 1) after its preparation. The surface consisted of pyramid-shaped projections, with their base being 0.8 -1.5 microns and their height -0.5 to 1.5 microns. To obtain selective coatings is difficult, and in this case, it is also complicated by the fact that the electrolytes used to oxidize aluminum and its alloys [135] [136] [137] [138] [139] [140] [141] [142] cannot be used, as they do not allow one to obtain porous coatings with thickness not more than 1 micron, simultaneously filling pores with a highly-dispersed metal. But heavy coatings have high radiatabilities. [78] . The oxidation mode when obtaining selective coatings was the following: the ratio between average cathode and anode current densities was 2:1; the temperature -25±5
• C; the time -150.0 s. During asymmetric alternating current electrolysis in aqueous solutions of nickel salts, nickel hydroxides are usually formed [72, 76] which for nickel oxidation levels within the range of ("+2" ÷ "+3"), form a continuous number of solid solutions in nickel oxide [143] corresponding to the NiOOH formula x, where x changes from 2 to 1.2.
The process of deposition for hydrated nickel ion (an aquacomplex) from solution on an electrode surface in the form of a solid phase proceeds by equation:
One can suggest two methods for this process development. The first one deals with the formation of coatings due to chemical precipitation of nickel hydroxides from aquacomplex solutions when basifying a near-electrode layer near the electrode surface:
While cycling under the influence of an asymmetric alternating current, the film charge in an anode semiperiod is:
and the discharge in a cathodic semiperiod which occurs is:
The galvanic nickel deposition in aluminum oxide pores Al 2 O 3 can also proceed in a cathodic semiperiod:
and the subsequent oxidation can proceed in an anode semiperiod due to oxygen evolution:
The above equations (2 -8) represent a simplified record. In fact, an oxide film has water molecules in its composition, and ions in solution represent aquacomplexes. In addition to reaction (8) , however, a nickel oxidation can proceed via:
The selective coating obtained by the method [78] consists of aluminum oxide particles having sizes ranging from 20 to 70 nm (Fig. 2) . The raster electron microscopy showed that in aluminum oxide particles, there is highly-dispersed nickel which is evenly distributed on the entire surface (Fig. 3) . This suggests that the coating represents aluminum oxide nanotubes filled with nickel nanoparticles. Thus, in pores of oxides, a highly-dispersed nickel is deposited in a cathodic semiperiod according to reaction (6).
Gnedenkov et al. found [144] that in solutions and in powder samples complex compounds in an anion form of aluminum with carboxylic acids can be formed by carboxy groups at pH = 2 -4, carboxyl groups and hydroxy groups at pH = 4 -9 and only hydroxy groups at pH = 9 -10. The similar complex formation of nickel with citric acid is likely to take place to obtain selective coatings in an electrolyte solution.
This process enables one to suppress the formation of nickel hydroxide in a cathodic semiperiod because of alkalinizing near-cathode space and makes the lifting of nickel to an electrode surface easier where it is deposited in the form of highly-dispersed nickel in aluminum oxide pores.
The presence of a citric acid in the composition of an electrolyte [78] besides the processes of complex formation also provides high adhesion for an optically selective coating to a substrate, creating an acid medium in which the partial oxidation process for an aluminum alloy with formation of a thin layer of aluminum oxide takes place. Under optimum conditions, the optical selective coatings with absorption coefficient of 93.5 % and radiation coefficient of 6.0 % were obtained using the method of Type AD 31 and Type A5M aluminum alloys surface preparation developed by Bespalova et al. [78] . These data are among the best characteristics of optical selective coatings manufactured by industry for helioplants. The development of an effective surface allowed reduction of the probability for a secondary photon to leave surface coatings because of its repeated rereflection in light traps formed by the surface relief.
To increase the thermoreceptor properties of optical selective coatings, it is necessary to have a transparent layer that is resistant to the impact of ultra-violet radiation on its surface. Initially, fluoroplastic (type F-3MV, F-32LN) and silicone varnishes (type KO-85) were investigated as a transparent layer by Bespalova et al. [44] . The most promising of them was the 1 -3 mass% solution of F-32LN fluoroplastic varnish. The presence of this layer allowed them to increase the absorption coefficient to 95.0 % and slightly increased the radiating power to 9.0 %.
According to the results of the research, the developed optical selective coatings had high heat stability that confirmed the possibility of their use in helioplants.
Thus, on the surface of aluminum alloys, optically-selective coatings were obtained under polarization by an asymmetric alternating current that enabled researchers to obtain single-layer coatings with exceptional optical properties within 2.5 min; to reduce power consumption of the process to 10 kW·m −2 ; to exclude the use of expensive components; and to ensure ecological safety of coatings formation.
Catalytically-active composite materials based on transition metal oxides
The development of composite coatings based on transition metal oxides, including molybdenum oxide compounds with a wide range of practical application [145] [146] [147] [148] is a promising trend of surface modification.
Composite coatings based on molybdenum oxides are especially attractive because of their atypical chemistry resulting from multiple valence states. In addition, they are stable, have significant activity and selectivity in different processes [149] .
Molybdenum oxide compounds can be obtained by a hydrothermal method [150] , pyrolysis of various oxide organic precursor molybdenum compounds [151] chemical dehydration of colloidal solutions [152] and also by an electrochemical method using a direct current from molybdate solutions [153] . Among the methods for directed synthesis of new catalytically active composite materials based on molybdenum, cobalt, nickel, iron, manganese, vanadium oxides, electrochemical methods are very promising. The electrolytic depositions of molybdenum oxides in the form of specific modifications: Mo 4 O 11 , Mo 8 O 23 , MoO 2 , MoO 3 , Mo 18 O 52 and Mo 9 O 26 from ammonium molybdate and sodium molybdate solutions are the subject of a large number of studies [93, 97, 150, 151, 154] . Electrochemical methods for obtaining such systems from aqueous solutions have a number of specific characteristics because the state of Mo (VI) in an aqueous solution has certain impact on the mechanism of electrochemical reactions. The latter is caused by the fact that depending on the concentration of molybdenum containing particles and pH of the solution, various isopoly compounds are formed.
A unique feature of obtaining molybdenum-based coatings from aqueous solutions is that they cannot be obtained in pure form. The most common elements of such coatings are Co, Ni, Fe [155] , which have a catalytic effect on electrochemical molybdate ions reactions. Molybdenum electrolytes are stable only at pH 3.5 -5.0, therefore hydroxy acids or their salts are added into their composition, along with transition metal elements.
The reduction of the large molybdate-ion MoO
2− 4
is a very complex process which involves electron and proton transfer processes. It proceeds in a stepwise manner, i.e. by individual elementary stages. In the case of low molybdate concentrations, the formation of Mo -Ni, Mo -Co, Mo -Fe alloys will occur in the solution as a result of induced co-precipitation [156] [157] [158] , proceeding through the formation of intermediates. Monovalent ions, radicals (in the presence of hydroxy acids in the electrolyte solution) and complex compounds with varying degrees of stability can act as intermediates during reaction. The nature of the intermediates, however, is not adequately studied, and the evidence of their existence on the surface or in solution is indirect. Nevertheless, one must not ignore this, as they can determine the rate and direction of an electrochemical process.
The primary process in the formation of coatings from solutions containing transition metal compounds is the deposition of iron group metals, and molybdenum deposits because of its ions adsorption by hydroxy forms of nickel, cobalt or iron (CoOH + ads NiOH + ads ), which cover the electrode. In case of higher MoO
content in an electrolyte solution, the electrical deposition of alloys becomes impossible and the products of partial reduction of molybdate ions deposits on the cathode. They represent both simple and complex oxide systems which are catalysts for the discharge of protons. The oxide film formed acquires electronic conductivity; its further reduction stops and only hydrogen reduction proceeds on the surface [155] .
The formation of molybdenum oxides is catalyzed by iron metal group citrate complexes, for example, by a CoCit complex [159, 160] :
The presence of cobalt in the solution determines if one obtains molybdenum oxides at low concentrations, with substoichiometric molybdenum oxides being formed, whose color is associated with the presence of oxygen vacancies [161] , and the potentials which are more positive than minus 0.125 V can be attributed to the cobaltmolybdenum oxidation [158] . The high efficiency of molybdenum oxide formation in the presence of Co (II), Fe (II) and Ni in the solution may be connected with simultaneous CoCit adsorption on molybdenum and the presence of electroactive colloidal forms of [Fe(
n+ in the reaction layer which reduces hydrogen evolution [162] .
In [163] , it was determined that reduction of hexavalent molybdenum in ammonium citrate electrolytes occurs mainly from heptamolybdate ions. Ammonium ions increase the percentage of heptamolybdate in the solution which increases their reduction, and the presence of citrate has a depolymerization effect on hexavalent molybdenum compounds. The citrate-ion is a hard ligand, so it could retain pentavalent molybdenum compounds in a solution and prevent its disproportionation with MoO 2 formation. The quantitative ratio of citrate ion and ammonium ion allows one to control the rate of formation of molybdenum oxide and its quantity.
The degree of molybdenum oxidation in oxide films was (IV), (V) and (VI). In the presence of ammonium ions, Mo(VI) reduction to intermediate oxidation states is facilitated. One can suggest that ammonium ions, in addition to cobalt ions serve as donors of protons that are necessary to reduce molybdenum oxygen-containing compounds. However, the main factors that affect the formation of hydroxide forms, the process of polymerization and chemisorption processes are the pH-value and the electrolyte temperature.
The deposition of molybdenum oxides takes place only when the potentials are more negative than some threshold value, which depends only on the electrolyte composition [159] . In the partial reduction of Mo(VI) during electrolysis of aqueous solutions of molybdates MoO 2 [164, 165] [167] are formed. These products can be subjected to further reduction, its mechanism is still not clear [165] [166] [167] [168] [169] . It is significant that in solutions containing Mo(VI), Co, Ni, Fe and hydroxy acids various chemical reactions that lead to the formation of a wide range of compounds, including complex ones can proceed. The identification of Mo(VI) complexes is very problematic. However, citrate complexes, for example, type HrMoO 4 Cit (5−r) [165, 169] [170] are documented, which confirms that complex chemical or electrochemical processes occur during the co-deposition of molybdenum with transition metals (Co, Ni, Fe) from electrolyte solutions containing hydroxy acids.
The ligand excess in the electrolyte composition is not desirable and its concentration should not be also very low. Otherwise, slightly-soluble hydroxides can be formed because of the system's stability loss in bulk solution.
The possibility of obtaining molybdenum oxides by cathodic reduction during electrolysis of aqueous solutions of sodium molybdate and ammonium heptamolybdate on the surface of steel was determined in [93, 97, 154, [171] [172] [173] , where it was supposed that under investigated circumstances several parallel reactions were realized with a certain probability for proceeding:
According to [93, 97, 154, 171, 172] , during formation of molybdenum oxides the main step is the discharge of the MoO 2− 4 ion, whose rate largely depends on the intensity of its forestalling hydrogen evolution. The summary scheme of an electrode process can be represented by a number of the following chemical equations [154] : 
The given scheme reflects the sequential interdependence of electrochemical (9, 11) and redox (10) reactions as well as the initial stage of phase transition (12) . The justification for such a mechanism has not been thoroughly proven.
In addition to a MoO 3 rhomboidal main phase MoO 3 ·2H 2 O, MoO 3 ·H 2 O monoclinic phases and MoO x (OH) y crystallographic shift phase can be present in the composition of the coatings. In [174] , using an electrochemical method, molybdenum oxide compounds were formed on the surface of steel, nickel and carbon from aqueous solutions containing: (NH 4 ) 6 Mo 7 O 24 ·4H 2 O -10.0 g/l; HF -1.0 g/l; cathodic current density of 0.5 -1.0 A·dm −2 ; electrolysis time -10 min at room temperature. The cathodic deposits obtained represented such phases as
In an aqueous electrolyte solution, some dissolved forms of molybdate ions are present, depending on its pH, which should largely determine all electrochemical processes. However, the greatest rate of molybdenum oxides formation was observed at pH 4.
In 
Additionally, the step below is also present:
It is also necessary to consider that molybdenum oxides formation due to a partial molybdate ion reduction proceeds with a simultaneous cycling of oxides on the surface, i.e. they are subjected to oxidation and reduction because of the changes of current direction. As a result, the spinel is formed in the active coating. A great variety of other spinel phases are considered in detail in [175] [176] [177] [178] .
When analyzing cathodic processes for the formation of molybdenum oxide phases, the processes of Mo(VI) polymerization which take place in heptamolybdate solutions with the formation of polymer cations Type
, and redox processes leading to formation of oxide radicals are excluded from consideration. In general, the formation processes for molybdenum oxide phases and complex oxide phases using an asymmetric alternating current is very complicated. Despite the complexity of a molybdenum compound's state both in aqueous solutions and in a solid phase, however, composite materials based on oxide compounds of molybdenum can be very useful as catalytically active materials, while solving applied problems of electrochemistry. The confirmation of the latter is the research [179] [180] [181] [182] on obtaining catalytically active coatings based on transition metal oxides (Mo, Ni, Co, Fe) by depositing their salts from aqueous solutions under polarization by an asymmetric alternating current on the surface of St. 3 steel. The composition of electrolyte and electrolysis modes that allow one to obtain composite oxide catalytically-active coatings have been developed and optimized by Bespalova et al. [182] .
Composite oxide coatings were formed on the surface of St. 3 steel pre-treated using a standard method [183] [182] .
Compared with the interplanar spacings ( • ) of the known molybdenum oxides [185] , the whole set of interplanar spacings obtained using X-ray and HRTEM data suggests that the coating substance contains MoO 2 (space group P21/n), Mo 4 O 11 (space group P nma ), and β-MoO 3 (space group P21/c). The electron-microscopic study of oxide compounds obtained demonstrated that these compounds are present in coating composition in the form of agglomerates of particles (Fig. 4a) having a needle morphology (Fig. 4b) .The coating itself has a cracked microstructure that is characteristic of oxygen compounds of molybdenum [186] . The calculation of coating crystalline particle sizes using Debye-Scherrer formula showed that their sizes range from 6.5 -9 nm that are present in composite coatings represent themselves as heterogeneous catalysts which are used in oxidation processes as cathode materials for chemical power sources and increase the protective ability in corrosive environments [187] [188] [189] .
Composite oxide materials developed in [179] [180] [181] [182] were investigated for their potential use as catalysts in liquid-phase oxidations of glyoxal to glyoxylic acid. The test results showed that their catalytic activity is greater than that of Pt-and Pd-containing catalysts: the conversion value is higher by 13 %, and the selectivity value by 20 %. Composite coatings based on transition metal oxides not only have good catalytic properties, but good performance characteristics as well. Corrosion-protective properties increase by 25-to 50-fold when the coating thickness is 15 microns, tensile strength is 3.1 MPa and microhardness is 250 MPa.
The real advantage of the above research is the fact that for the first time, composite coatings based on molybdenum oxides, complex molybdenum oxides and its oxygen compounds with iron group metals were obtained on a solid substrate by deposition of their salts from aqueous solutions using transient electrolysis.
Conclusion
In this review, the principles for the formation of oxide composite nanostructured materials by electrochemical methods are considered and the benefits of transient electrolysis when obtaining such materials are shown. The use of an asymmetric alternating current allows one to obtain principally new oxide nanostructured composite materials both based on metal substrate oxidation processes and metal oxides deposition from aqueous solutions of their salts. The use of an asymmetric alternating current allows the creation of principally new oxide nanostructured composite materials both based on metal substrate oxidation processes and metal oxides deposition from aqueous solutions of their salts. This approach expands the spectrum and methods of new nanostructured materials considerably [190, 191] .
The development of technologies to produce oxide composite nanostructured materials by a method of transient electrolysis is one of the promising directions for nanotechnologies because of its such obvious advantages, such as availability, simplicity of experimental design, relative low costs. Nanomaterials obtained by this method can be very promising as optically selective coatings used in helioplants and as catalytically active materials in oxidation processes, cathode materials in chemical current sources, sensors for monitoring the gas content in the atmosphere, and can significantly increase corrosion resistance and protective ability in a number of corrosive environments. The method of transient electrolysis enables one to obtain composite materials based on complex oxides of molybdenum, cobalt, manganese, nickel, iron, vanadium as disordered solid solutions with a defective structure. The latter determines a large set of their various properties.
Due to the cycling processes on the surface of the substrate (steel, nickel, copper and other metals) a transition spinel layer is formed which ensures high adhesion of the obtained composite oxide material. The deposition of oxides from aqueous solutions of their salts inder electrolysis by an asymmetric alternating current, as is shown in the reviewed works, occurs when an average cathodic current is more than anodic one, the electrode periodically being an anode or a cathode. The deposited composite oxide coatings are still not adequately investigated. The use of an asymmetric alternating current can lead to new, exciting and unexpected results which, undoubtedly, will find many new applications.
